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ABSTRACT 

Polymer coating is the most suitable route to protect the metallic surfaces, and it has many 

purposes including anti-static coating, electromagnetic shielding, anti-reflective and anti-corrosion 

properties. The long term performance of the metallic surface can be achieved by polymer 

coatings. The discovery of nanoparticles introduced a new class of materials having higher surface 

area, high-performance polymer nano-composites appear attainable. For polymer anti-corrosion 

coatings, in addition to the inherited barrier effect provided by pure polymer films, the film 

blocking properties can be improved using plate-like nano-fillers. Incorporating fillers, such as 

graphene nano-platelets, has proven effective as anti-corrosion coating. These coatings usually 

improve the barrier, mechanical, electrical, optical, rheological, adhesion properties, and resistance 

against the environmental degradation; However, polymer coatings loaded with graphene 

displayed long-term enhanced corrosion after erupting the barrier due to inherited electrical 

conductivity and higher position in the galvanic series. 

Herein, we exfoliated the hexagonal boron nitride (h-BN) from micro particles into nano-

sheets and incorporated it as fillers at different concentration in polymer coatings to enhance the 

barrier properties. For comparison, graphene nano-platelets were also used. Transmission electron 

micrographs confirmed the exfoliation of hexagonal boron nitride (h-BN).  For exfoliation, we 

selected two different particles size i.e., 0.07 µm and 5.0 µm. The barrier properties of the coatings 

were determined in 3.5 % NaCl during different times of immersion, via different electrochemical 

techniques such as open circuit potential, electrochemical impedance spectroscopy and 

potentiodynamic. The coatings containing exfoliated h-BN (5.0 µm) particles exhibited improved 

resistance for longer periods of immersion compared to graphene nano-platelets.  The improved 
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corrosion properties can be attributed to the high aspect ratio, plate-like shape and electrically 

insulated nature of the exfoliated (h-BN) nano-sheets. 

Specifically, the thesis will be composed of the following steps: 1) preparation of exfoliated 

hexagonal boron nitride (h-BN) from different particles and synthesis of anti-corrosion coating by 

dispersion of fillers in polymer matrix via solvent blending, 2) electrochemical techniques for the 

determination of anticorrosion properties and 3) characterization of exfoliated nano-sheets and 

nanocomposites.  
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CHAPTER 1 

INTRODUCTION 

 

The overall objective of this thesis is to understand the effect of plate-like fillers such as 

exfoliated hexagonal boron nitride and reduced graphene on anti-corrosion properties of 

nanocomposites polymer coating, specifically polyvinyl butyral (PVB). This thesis focused on 

nanocomposites of PVB and exfoliated hexagonal boron nitride [EXHBN] sheets to produce 

nanocomposites coatings with improved barrier properties to solve the corrosion in the carbon 

steel surface. 

1.1 Corrosion and Anticorrosion Fillers 

Corrosion is an electrochemical process in which degradation of metal occurs through 

chemical interaction of metallic surfaces with their environment. Metallic corrosion has severe 

impact on the economies of industrialized countries e.g., in the USA the annual cost of the 

corrosion and its mitigation accounts for 180 billion dollars [1]. Figure 1.1 shows the general 

atomistic corrosion process in which, when atoms from a metallic surface encounter with an 

aqueous solution or their environment, they try to give off their electrons depending on the nobility 

and electrode potential to produce metallic and hydroxide ions. The ions further react to produce 

corrosion products on the surface [2]. Further presence of chloride anions in the corrosive solution 

accelerate the dissolution of surface oxides/layer along with enhanced electronic transport within 

the solution. In case of iron, the resulting oxide films are usually porous and non-protective which 

does not affect the electrochemical process on the iron surface. The presence of non-porous and 

protective oxide layer in case of aluminum or steel act as thin coating or film on the surface and 
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helps to slow down the corrosion process to a manageable rate. Generally, carbon steel containing 

various percentage of carbon is considered economical and used as major alloy for many 

applications such long pipelines and vessels. Severe environments make carbon steel more 

vulnerable towards corrosion, hence, limiting its practical applications [3, 4]. 

 

 

Figure 1.1: Schematic representation of a general atomistic corrosion process on a metallic surface 

in neutral pH aqueous environment in the presence of oxygen. 

 

Corrosion can be prevented using many techniques such as: modifications of the 

environment; metal selection; altering the materials design; cathodic and anodic protection; 

corrosion inhibitors or fillers; coating or painting; plating [5]. Coating a metallic surface is one of 

the widely used techniques used for decorative surface finish and corrosion protection. Coatings 

have found its application in many industries like appliances, automotive, coil coatings, metal 

containers, marine, aircraft, building, paper etc. Coating a metallic surface has many benefits such 

as ease of processing, and application and low capital investment etc. To enhance the 

physicochemical properties and corrosion protection ability of the polymer coatings, different 
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fillers/pigments are incorporated into the coatings formulations. “A “pigment” can be defined as 

colored or fluorescent particulate organic or inorganic”[6]. They are insoluble in the polymer 

solvents and chemically unaffected by the vehicle or substrate in which they are incorporated. 

They retain a crystal or particulate structure throughout coating processing [7, 8].   

Depending on the final applications of metals and protection mechanism, corrosion 

inhibitors/ fillers, can be classified as organic and inorganic as shown in Figure 1.2. Inorganic 

corrosion inhibitors include sulfites, ferric salts, nitrates, and calcium ions etc. [9]. The 

protection mechanisms offered by inorganic inhibitors are based on their type [9, 10]. For 

example, sulfites [10] consume the dissolved oxygen in solutions to reduce oxygen availability in 

order to retard corrosion, ferric salts and nitrates [9, 11] foster passivity of metals in active-

passive regions, and the calcium ions [9, 12, 13] reinforce the protective films formed on metal 

surfaces. On the other hand, the organic inhibitors have polar groups such as sulfur, nitrogen, 

selenium, etc. which help them to chemisorb on metal surfaces, resulting in formations of 

protective surface complexes [10]. Such inhibitors are amines- and imidazolines-derivatives, 

alkyl pyridines, thioureas, etc. [9, 14, 15]. 

Inorganic pigments such as litharge,  metallic  lead,  red  lead,  basic  lead  carbonate,  

hexavalent chromium compounds, and  zinc  oxide have been extensively used in polymer coatings 

for the enhancement of anti-corrosion [13, 16], barrier [17], mechanical [18], electrical and optical 

[19], rheological and adhesion properties, and resistance against the environmental degradation 

[20]. Certain metallic cations in solutions can also be used to retard corrosion of metals in different 

environments. Metallic cations affect electrochemical process of corrosion. The metallic cations 

find applications in various processes: 1) inhibiting hydrogen evolution by Cd+2, Mn+2, Ce+4 [16, 

21-23]; 2) corrosion inhibition of titanium and stainless steel in passive regions by Fe+3 and Cu+2 
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via fostering passivity of these metals by the action of these cations in the cathodic reactions [24-

26]; 3) corrosion retarding properties of lead anode in sulfuric acid by Co+2 ions via increasing 

catalytic activity of surface oxides for oxygen evolution which in turn increases the current 

efficiency of the oxygen evolution reaction; and hence, little current is available for counter anodic 

reaction [16, 27], 4) corrosion inhibition of iron by reducing corrosion promoting species using 

Sn+2 ions in acid pickling process [13, 16, 23].  

 

 

Figure 1.2: Categorization of fillers depending on the protection mechanism when incorporated in 

polymers coatings [Reproduced from [28] with permission of Trans Tech Publications]. 
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1.2 Protection Mechanism Offered by Barrier Fillers in Polymer Coatings 

The main protection mechanism offered by barrier fillers is to provide tortuous paths for 

the electrolyte, which delay the corrosion process. It can be seen in Figure 1.3 that the presence of 

plate-like fillers can provide the longest way for the corrosive solution to reach at the coating 

substrate interface which may delays the corrosion process. Further, the barrier properties of the 

composite coating depends on many factors such as fillers dispersion and distribution inside the 

polymer matrix, fillers interaction with the polymer, surface area of the fillers, compatibility of 

fillers with the polymer matrix, size, and shape of the fillers, concentration, and certain physical 

properties like electrical conductivity, water absorption and adsorption properties etc. [9, 20, 29-

32]. 

 

 

Figure 1.3: Protection mechanism offered by polymer coating containing plate-like fillers. 

[Reprinted from [15, 29] with permission from Elsevier]. 
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1.3 Polymer Nanocomposite Coating 

Polymer nanocomposites can be defined as polymer having second phase with at least one 

dimension of the dispersed fillers in nanometric size range. The nanoparticles/fillers can be 

categorized based on their sizes. The examples included are: fullerenes which are iso-dimensional 

i.e., all the dimension are order of nanometers; one-dimensional or elongated fillers such as carbon 

nanotubes (CNT) and carbon nanofibers (CNF) having one dimensions with nanometer scale 

whereas the second can be longer, two dimensional nanoparticles, such as layered silicate crystals 

or clays, exfoliated hexagonal boron nitride (HBN) and graphene sheets which can be few 

nanometers thick and hundreds to thousands of nanometers in extent in lateral direction [33]. 

Figure 1.4 shows the scheme of different polymer nanocomposites which can be generated from 

different arrangements of plate-like fillers such as flocculated micro-composites, intercalated 

composites, exfoliated nanocomposites. In micro-composites, the plate-like fillers act like micro-

fillers, i.e., not fully exfoliated to allow the polymer chains to reside between the fillers sheets. 

During intercalated composites manufacturing, the structure of the plate-like fillers allows the 

polymer chains to reside inside the sheets of fillers due to relatively opened structure of the fillers 

sheets. In exfoliated polymer nanocomposites, the sheets of the fillers are fully exfoliated, 

dispersed, and distributed in the polymer matrix. The final properties of the polymer 

nanocomposite are generally dictated by the exfoliation extent, type of fillers/polymer interactions 

and increased dispersion of fillers. Further, the barrier properties of the polymers which are 

requirement for anti-corrosion ability mainly depend on the well-aligned, concentration and high-

aspect ratio sheets for tortuous diffusion pathway [34].  
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Figure 1.4: Nature of the polymer nanocomposite based on the plate-like fillers [Reprinted from 

[33]]. 

 

1.4 Exfoliated Hexagonal Boron Nitride 

Boron nitride (BN) with an empirical formula (BN)n, where n is a large number. It exists 

in different structure depending on the arrangements of boron and nitrogen atoms such as 

Amorphous form (a-BN) similar to amorphous carbon, Hexagonal form (HBN) analogous to 

graphite, Cubic form (c-BN) similar to diamond, and Wurtzite form (w-BN) analogous to 

lonsdaleite (Figure 1.5). The final bulk properties of the BN are mainly dictated by the structure 

of BN. The a-BN form of the BN lacks long distance arrangements of the atoms. Another form 

called hexagonal boron nitride, having layered like structure. Alike graphite, the layers of BN 

atoms grouped into 6-membered rings are stacked upon each other and it is also known as most 

stable form. BN also has another form similar to diamond structure and less stable than h-BN 
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called as cubic form. It has a sphalerite crystal structure and is also sometimes called β-BN or c-

BN. In all c-BN, BN rings are in the chair configuration [35]. The wurtzite form of BN has similar 

structure as lonsdaleite [36]. As in the cubic form, in the cubic form in w-BN the rings between 

'layers' are in boat configuration. The wurtzite form has shown through simulation having a 

strength 18% stronger than that of diamond [35]. Similarly, to graphite, HBN is used in many 

applications such as solid lubricants, ultraviolet light emitter etc. Also, the HBN structure with 

exposed 002 crystal plane would have similar properties as graphitic-like (002) plane including 

such as excellent thermal conductivity and mechanical strength. The exfoliation of HBN can be 

done using vigorous sonication for a longer period in suitable solvent such as strong polar solvent 

which have strong interactions with the HBN sheets. This phenomenon may help to facilitate the 

exfoliation like graphite exfoliation. Since the solvent having surface energy per unit area more 

than the van der Waals forces between the HBN sheets may help the HBN nano-sheets peeling 

away from each other. Moreover, the process of  sonication for a long time like 72 hours may able 

to peel off the HBN sheets from the HBN flakes owing to interactions between solvent polar 

molecules and flakes  surfaces [37]. Further use of large size HBN flakes can yield nano-sheets 

with larger lateral direction (high aspect ratio) and vice versa. The sheets with larger lateral 

dimension may be helpful to use in the applications such as passive barrier polymer coatings. Also, 

the use of same solvent for dissolving polymer resin may yield a well disperse exfoliated nano-

sheets in the polymer coatings/films. It can be seen from Figure 1.6 that nano-sheets with very 

large lateral dimension (~6 µm) compared to thickness were obtained through sonication of large 

size HBN particle in solvent. The sonicated nano-sheets were nearly stacked on each other. 

Further, the polymer resin commercially names Butvar-98 used in this study is mostly composed 

of polyvinyl butyral copolymer with vinyl acetate and vinyl alcohol. The hydrophilic nature and 
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reactive hydroxyl sites facilitate adhesion and crosslinking ability for coatings application. Also, 

the PVB resin is soluble in wide range of solvents such as methanol, ethanol, isopropyl alcohol 

and many other polar solvents. Further, the improvement of properties in coated Butvar resin can 

be done using cross-linking reaction through transacetalization and other complex mechanisms 

during heating [38]. 

 

 
   

Amorphous boron 

nitride 
Hexagonal boron nitride Cubic form Wurtzite form 

 

Figure 1.5: Different structures of Boron nitride. Reprinted from [35]. 

 

In our study, we have used the exfoliated HBN (EXHBN) to improve the barrier 

properties of the polymer coating. EXHBN is two-dimensional (2D) layered material comprising 

of thin sheets stacked together through weak van der Waals force. The exfoliation of the HBN 

was done in isopropyl alcohol through sonication HBN for a long time as reported in the past 

[39]. The sonication yields sheets of HBN with nano-metric thickness with high surface area and 

large flake size [40]. The polymer nanocomposites were prepared by mixing the EXHBN with 

the polyvinyl butyral (PVB) (Figure 1.6) followed by dip coating of the specimen. 

1.5 Nanocomposite Coating Characterization for Anti-corrosion Application 

In our study, the barrier properties of the polymer coatings were determined using 

electrochemical techniques such as open circuit potential (OCP), electrochemical impedance 
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spectroscopy (EIS) and potentiodynamic (PD) in the presence of 3.5 wt. % NaCl.  The specimen 

was immersed in corrosive solution for different period and electrochemical data was acquired. 

The EIS data was modeled with different circuit models to get the resistance and capacitance of 

the coating (Figure 1.7). Generally, the resistance of the coatings provides information about the 

barrier nature of the coatings whereas capacitance indicates the water uptake properties of polymer 

coating. The free potentials of the coated carbon steel with pure polymer and nanocomposite 

coating were obtained using open circuit potential. The polarization behavior of coated carbon 

steel was also obtained by potentiodynamic scanning from negative potential (cathodic branch) to 

positive direction (anodic branch). 
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Figure 1.6: Chemical Structure of Polyvinyl butyral and Exfoliated HBN with a large flake size 

[Reprinted from [30, 40] with permission from Elsevier and RSC]. 

 

1.6 Thesis Hypothesis 

On the basis preceding discussion, the hypothesis of the thesis is given in Figure 1.8. It can be 

hypothesized that neat polymer coatings/films have defects as well free volume due to polymer 

structure. The diffusivity of the corrosive solution through the polymer film especially through 



11 

 

the free volume and defects (arise during application).  Presence of fillers most importantly high 

aspect ratio fillers in the polymer coating can reduce the polymer film free volume and defects in 

the coating. Moreover, the presence of the filler can provide a tortuous path or longer diffusional 

paths for the corrosive solution which results in delay for the ions to pass through coating and 

reach at the coating/metal interface. Further, the fillers with the highest aspect ratio among the 

selected fillers may also improve the barrier properties of the polymer. Additionally, polymer is 

famous for their insulating behavior and does not promote the conduction of electron through the 

coating to reach other corrosion site. Presence of a conductive filler in the coating may promote 

the electrochemical processes occurring at the interface for longer period of exposure. Thus, the 

hypothesis for this thesis is that blending of nano-sheets obtained from exfoliation of HBN 

having larger diameter with polar polymers will improve barrier and insulating behavior of 

nanocomposites coating in EXHBN-based nanocomposites at lower EXHBN loadings than neat 

PVB. Also, use of polar polymer will also help to disperse the fillers within the coatings. 

1.7 Thesis Overview 

This thesis addresses the following objectives: 

1. Preparation and characterization of exfoliated hexagonal boron nitride with 

different flake sizes through sonication in suitable solvent. 

2. Formulation of suitable coating using different concentration of EXHBN and 

graphene (for comparison).  

3. Evaluation of these anticorrosion fillers using electrochemical corrosion testing. 

4. Understanding the corrosion protection mechanism of novel anticorrosion 

pigments.  
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Figure 1.7: Depiction of polymer nanocomposite coating with model circuit. 

 

 

Figure 1.8: Depiction of the thesis hypothesis. 
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CHAPTER 2 

LITERATURE SURVEY 

 

Pure polymeric coatings have been used for protecting the metallic substrate for a long 

time. However, the use of pure polymer matrix shows limited barrier properties as well other 

physical and mechanical properties due to exposure to harsh environment. In order to increase 

their lifetime use of polymeric matrix with organic/inorganic fillers have attracted considerable 

importance in the field of coatings to improve their mechanical, electrical, optical, rheological, 

adhesion, economical, weathering properties etc. [41]. The polymeric matrices can be filled with 

micro or nano-scale fillers with different concentration without affecting the inherited properties 

of the polymer. It was reported that the incorporation of fillers in polymer matrices improved the 

barrier properties, adhesion to the substrate, and as well thermal stability of the overall matrix. 

However, the corrosion resistance of the composite coatings is focus of our study. Various research 

efforts have been devoted to improving the barrier properties of the polymer matrices, 

consequently, improving the corrosion properties.  

In this chapter, we have reviewed previous research work done on improving the corrosion 

properties by incorporating the fillers with high surface area like plate-like fillers. Present scenario 

of application of nanotechnology in the area of corrosion inhibition of metals has achieved 

considerable attention and importance [42]. Many authors have already shown nanoparticles 

ability to perform better performance in composites of coatings of polymers. Application of 

polymeric coatings on a substrate is a tricky process and usually defects appear in the coatings 

which allow faster deterioration upon an ingression of corrosive solution. Reinforcement with 

nanometer size fillers can overcome many of the weaknesses in polymers (if fillers are well 
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dispersed within polymers). Additionally, property enhancements can be achieved at significantly 

lower (filler loadings) than conventional micron sized fillers.  

Before discussing about the self-healing filler, it is necessary to discuss briefly about the 

techniques used to determine the self-healing ability of incorporated filler or coating. The 

electrochemical testing techniques used to evaluate the efficiency of self-healing ability of 

incorporated fillers are mainly divided into bulk/global and local electrochemical corrosion 

measurements. The techniques like open circuit potential (OCP), electrochemical impedance 

spectroscopy (EIS), potentiodynamic polarization (PP), linear polarization resistance (LPR) come 

under the category of bulk/global measurements. On the other hand, for local electrochemical 

corrosion measurements techniques like Scanning Vibrating Electrode Technique (SVET), Local 

Electrochemical Impedance Spectroscopy (LEIS), Scanning Kelvin Probe (SKP) are widely used 

[43]. Bulk techniques are usually unable to distinguish the intensity of corrosion processes 

occurring on the surface. As contrary, localized corrosion measurements are done by positioning 

the detector close to the corroding surface (≤ 100-microns). This method also helps to create a map 

of the corrosion data which explains the non-uniformity of the corrosion on metal surface. In 

literature, the use of local corrosion measurement techniques has shown better results found 

superior for determining the self-healing abilities of incorporated fillers [15, 44, 45].   

Generally, Open circuit potential (OCP) also called free potential, equilibrium potential or 

open circuit voltage of working electrode (measured in volts) and represented as Eocp, is a first 

step in most of the electrochemical corrosion measurements. OCP is the thermodynamic ability of 

the surface to give an electron in the respective solution and it is measured between reference 

electrode and working electrode. The electrode potential can be found by using Nernst equation 

(Equation 2.1) [46] which is given as at 298 K. 
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𝐸 = 𝐸𝑜 − 0.059𝑛 𝑙𝑜𝑔{𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛}  (2.1) 

Where, 𝐸 = the cell potential 𝐸0 = the standard cell potential at the temperature of interest 𝑛 = the number of moles of electrons transferred in the cell reaction or half-reaction 𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = the reaction quotient 

 

More specifically, OCP of an immersed substrate gives the electrochemical reactions 

characteristic of the surface-electrolyte interface. The electrochemical reactions generate potential 

at the metal-solution interface. The characteristic of specific metallic substrate solution interface 

which depend on  specific chemistry of that system are usually depicted by the changes in the OCP 

[47]. Generally, the value of potential below the equilibrium potential (OCP) indicate that surface 

has lesser tendency to take part in the electrochemical reaction and vice versa.  During OCP 

measurements, the potential is measured when there is no current flow through the cell and the 

potential is measured against the reference electrode. Also, by applying the potential above than 

OCP values increases the anodic reaction; and similarly, the other way around. For coated samples, 

the OCP depends on the nature of the metallic surface and applied coating. For metallic surface 

which have ability to passivate its surface with an oxide layer may show increased OCP values.  

Further, for coated metallic surface, if the coatings have good barrier and intact properties, the 

OCP of the underlying substrate would show a noble value than the inherited potential of the 

specimen in given electrolyte.  

Bulk Electrochemical impedance spectroscopy (EIS) is a non-destructive and very useful 

AC technique to determine the characteristics at solution/surface interface, within the coating and 

coating/metal interface characteristics.  During this technique, an AC voltage with small amplitude 
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mostly 10 mV is applied across the sample and the response is measured in current as well shift in 

phase. 

 

 

Figure 2.1: Sinusoidal Current Response in a Linear System. Reproduced  from [48, 49]. 

 

 

Figure 2.2: Representation of Bode and Nyquist Plot. Reproduced  from [48, 49]. 
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The data is represented as Bode (log. impedance and phase angle (y-axis) vs. log. 

Frequency (x-axis)) and Nyquist plots (real impedance (x-axis) vs. imaginary impedance (y-axis)) 

(Figure 2.2).  

The analysis and fitting of EIS data are commonly done by using a suitable equivalent 

electrical circuit model. Mostly, the suitable equivalent electrical circuit model is consisted of 

electrical elements such as resistors, capacitors (constant phase elements), diffusional impedance 

elements, and inductors. For instance, the frequency dependence impedance of common circuit 

elements given in Table 2.1 [48, 49]. 

 

Table 2.1: Impedance and relationships of common circuit elements. Reproduced  from [48, 49] 

Component Current vs. 

Voltage 

Impedance 

resistor E= IR Z = R 

capacitor I = C dE/dt Z = 1/jωC 

 

Further, the potentiodynamic (PD) is DC and destructive technique provides useful 

information about corrosion mechanisms, kinetics of electrode processes, corrosion rate, passivity 

and pitting susceptibility, anodic and cathodic behavior of a metallic material to corrosion in 

selected corrosive solution. During this technique, the potential of the working electrode is 

changed from negative to positive direction at selected scan rate and the current is monitored which 

is produced in response to potential. However, this technique gives information about the metallic 

surface which can be relate to the effectiveness of the coatings. The PD data or curve can be divided 

into two parts i.e., cathodic branch and anodic branch. During anodic scan, the working electrode 
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potential is changed towards positive direction causing the metallic surface to become anode and 

electrons to be withdrawn from it i.e., acceleration of anodic reaction.  On the contrary, during 

cathodic scan, the electrode potential is changed towards positive direction causing the metallic 

surface to become anode and electrons to be withdrawn from it i.e., acceleration of cathodic 

reaction. The most important parameter which can be extracted from the PD curve is the corrosion 

rate of the metallic substrate [50]. The corrosion rate calculation starts from obtaining the corrosion 

current density values determined from the Tafel slopes as shown in Figure 2.3. It can be seen that 

the anodic and cathodic slopes are obtained by extrapolation of the anodic and cathodic branches 

respectively. 

 

Figure 2.3: icorr calculation from Tafel slops of anodic and cathodic branch from PD curve. 

Reproduced  from [51]. 

 

The obtained icorr can be used to calculate the corrosion rate of the metallic substrate using 

Equation 2.2 [52]. 
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𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝑖𝑐𝑜𝑟𝑟𝐾.𝐸𝑊𝑑.𝐴   (2.2) 

Where, 𝑖𝑐𝑜𝑟𝑟 = the corrosion current, amperes 𝐾 = a constant used to define the units for the corrosion rate and here it is taken as 3272, 

mm/years 𝐸𝑊 = the equivalent weight, grams/equivalent 𝑑 = density of the substrate, g/cm3 𝐴 = the sample area, cm2 

 

A large number of research work has been reported on the inclusion of sheet/plate like 

structure fillers such as graphene in polymer matrix to improve the barrier properties of polymer. 

Chaudhry et al. studied the electrochemical properties of nanocomposites of graphene and 

polyvinyl butyral.  Figure 2.4 shows the Small-angle X-ray Scattering (SAXS) spectrums of pure 

polyvinyl butyral and nanocomposites of unmodified graphene, and modified graphene with 

different functional groups. SAXS study showed that graphene containing functional groups 

showed better dispersion in the PVB which led towards better corrosion properties due to improved 

dispersion which provided longer diffusion paths for the electrolyte to diffuse through the coatings. 

The improved dispersion of graphene was shown by the decreased fractal size.  

Moreover, the electrochemical properties were also determined in 4 w/v % of NaCl after 

immersion in 1 and 12 hours of immersion as shown by Nyquist plots in Figure 2.5. Nyquist plots 

shows the diffusive nature of the nanocomposites coatings as indicated by diffusive tails at 

intermediate to low frequencies. This behavior was more pronounced after longer period of 

immersion as indicated by shifting of the diffusion behavior from higher frequency to lower 

frequency ranges. It was also reported that although the functional groups were present on the 
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surface of exfoliated graphene, still no new bonds were found between resin and graphene after 

curing the resin at high temperature. Epoxy based coatings are most common industrial based 

coating due to very high barrier properties, excellent mechanical properties such as high tensile 

strength, modulus, low shrinkage in a cure, good adhesion and good chemical properties [53]. In 

a research, nano-composites coatings based on graphene and water-based epoxy resin were 

fabricated and applied on 2024-T3 aluminum alloys. The electrochemical impedance spectroscopy 

study showed that addition of small of reduced graphene to epoxy resin significantly improves the 

barrier properties of the neat polymer. Also, the added graphene showed negligible influence on 

the resin curing and adhesion properties [54]. Similarly, Alhumade et al. prepared nano-composite 

coatings for stainless steel 304, based on epoxy-graphene with different concentration of graphene 

in the resin. The nano-composites coatings were deposited on the steel substrate through spin 

coated followed by thermally curing.  The electrochemical testing results showed that the nano-

composite coatings significantly improved the corrosion protection, physical, chemical and 

mechanical properties of the coatings at very low graphene loading i.e., 0.5 wt. %. Further, the 

corrosion current density of the coated steel showed improvement of three order of magnitude. It 

was also concluded from the adhesion results that the coatings contained more than 0.5 wt. % of 

the graphene has weakened interface adhesion with the stainless steel owing to aggregation of the 

graphene in the coating [55]. 

In a report, Yu et al. used modified graphene, in order to improve the barrier properties of 

polystyrene. The graphene was well dispersed in the polymer matrix due to in situ miniemulsion 

polymerization of monomer in the presence of vinyl-grafted graphene oxide. Figure 2.6 depicts 

the cross-sectional morphologies of the polystyrene and polystyrene / vinyl-grafted graphene oxide 

nanocomposites. The FE-SEM images show that compared to polystyrene/vinyl-grafted graphene 
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oxide nanocomposites, pure polystyrene surface showed fracture lines oriented in a uniform 

direction. Whereas, polystyrene/vinyl-grafted graphene oxide nanocomposites and uniform 

morphology lacking the fracture lines. These results provided the indication of strong interfacial 

interactions between vinyl-grafted graphene oxide and the polystyrene matrix. The 

electrochemical studies indicted increased the corrosion potential and polarization resistance and 

decreased, corrosion current and the corrosion rate in case of loading of vinyl-grafted graphene 

oxide in polystyrene nanocomposites PS/pv-GO nanocomposites. EIS study also showed 

improved charge transfer resistance as indicated by  increased diameter of Nyquist plots [57]. 

Figure 2.7 depicts the protection mechanism offered by pv-GO when incorporated in polystyrene 

matrix. The improved properties were attributed towards the enhanced exfoliation dispersion of 

graphene due to modification, providing the tortuous paths for O2 and H2O diffusion. 

Consequently, avoiding the corrosion reactions from occurring on the interface between the 

nanocomposite coating and the metallic surface [57]. 

Similarly, polyurethane (PU) another type of resin for industrial coatings, is a high-

performance coating polymer and have remarkable properties such as mechanical strength, 

weathering resistance, tribological performance, barrier performance, good processability and 

thermal stability. In an attempt, the barrier and mechanical properties PU resins were improved 

through addition of different percentage of graphene such as 2.0, 4.0 and 8 wt.%. The coating was 

subjected to various kinds of laboratory testing including EIS, salt spray (3.5 wt.% of NaCl), 

solution and cross-cut, tribometer and dynamic mechanical analyzer. It was found that the anti-

corrosion and adhesion properties of the nanocomposites coatings were found to be improved upon 

addition of higher amount of graphene i.e., 4 and 8 wt.%. On the contrary, the anti-friction 

properties of the coatings were around 61% higher at higher amount of graphene [58]. 
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Figure 2.4: Small-angle X-ray Scattering spectrums of PVB and GP-PVB nanocomposites 

[Reprinted from [29] with permission from Elsevier]. 

 

Similarly, graphene nanoflakes in different weight percent i.e., 0.0%, 2.0%, 4.0%, and 

6.0% were used to improve the properties of polyurethane as top coat. The evaluation of the 

coatings was done using in two different conditions of accelerated weathering: i.e., UV and salt 

spray. The analysis of Fourier transform infrared (FTIR) and atomic force microscopy (AFM) 

exhibited that addition of graphene improved the UV and corrosion resistance of coatings [59]. 
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Figure 2.5: Nyquist plots for PVB and GP-PVB nanocomposites coating on carbon steel 

recorded after a) 1 h’s and b) 12 h’ of immersion in 4% NaCl [Reprinted from [56] with permission 

from Elsevier]. 
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Figure 2.6: Cross-sectional images of PS and PS/pv-GO nanocomposites analyzed by FE-SEM, 

wherein PS (a) 5k and (b) 30k; PS/pv-GO1 (c) 5k and (d) 30k; and PS/pv-GO2 (e) 5k and (f) 30k 

[Reprinted from [57] with permission from RSC]. 
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Figure 2.7: Proposed mechanism of the improved properties for corrosion protection of the 

nanocomposites on the metal surface. [Reprinted from [57] with permission from RSC]. 

 

Also, the worsening effect of graphene has also been reported in the literature due its higher 

electrical conductivity and higher position in the galvanic couple. The former promotes the 

conductance of electron whereas acts as cathodic site for the electrochemical reaction. The use of 

graphene in coatings may produce a short-term barrier enhancement whereas upon disruption of 

barrier it may act as corrosion promotion agent. In other research work, it was reported that 

graphene also to promote the electrochemical reactions the metal surface due to its electrical 

conductivity and higher position in galvanic series. Schriver et al. showed this behavior using 

deposition of graphene, as a sheet on Cu and Si substrates and discussed the short- and long-term 

performance of Chemical Vapor Deposition grown graphene coatings. Their study showed that 

graphene showed short term effective barrier properties. Whereas, for longer period of immersion 

it promotes more extensive wet corrosion than unprotected Cu surface (Figure 2.8). This dual 

behavior was due to the barrier nature of the graphene sheet and cathodic nature of the graphene 

towards metal respectively [60]. Similar results were also published by another group of 

researchers, where they showed that CVD grown graphene enhanced the corrosion of copper at 
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room temperature for very long period of exposure to air i.e., 6 months. Their results also showed 

that corrosion enhancement effect of graphene was due to the conductive nature which resulted 

acceleration of the electrochemical corrosion process [61]. 

Similarly, Chaudhry et al. also discussed the similar dual nature of graphene by preparing 

nano-composites coatings of unmodified graphene with polymer matrix and applied on carbon 

steel (Figure 2.9). Using corrosion monitoring techniques (Figure 2.10), it was shown that 

graphene showed superior barrier properties for short period of immersion whereas longer period 

immersion indicated worse behavior than the pure polymer matrix. They also discussed the role of 

graphene in developing connectivity of electrical paths for charge transfer which aid in the 

corrosion promotion. Pure polymer usually act as insulator against the transfer of charge from 

metal through polymer coating but presence of graphene usually provides the paths for charge 

transfer [30]. Nyquist plots also confirms that charge transfer resistance for longer period of 

immersion was lower for high concentration of graphene. Along with this graphene, also adsorb 

water which further aid in deteriorating the physico-chemical properties of coatings. These results 

were also proved by increasing values of capacitance value of the coatings extracted from modal 

circuit. The electrical conductivity of the graphene can be reduced by introducing functional 

groups on the surface such as in case of graphene oxide or functionalized graphene. 

Usually, the graphene oxide contains inherited carboxylic, hydroxyl and epoxide groups 

on the edges and basal planes. It was reported that the anti-corrosion properties of PU coatings 

containing functionalized graphene oxide showed worse anti-corrosion properties owing to the 

presence of abundant oxygenated groups of GO. Although, these groups were providing better 

dispersion of GO in the PU resin but destroy the barrier effect of graphene on PU resin owing to 

destructive lattice structure of the graphene. The stronger interaction of the functionalized 
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graphene with PU resin resulted in well dispersed nanocomposites; consequently, improved 

tribological properties [62].  

 

 

Figure 2.8: “Aging” of graphene-covered Cu in ambient conditions. Optical micrographs of “aged” 
bare and graphene-covered Cu foils, captured with the same lighting conditions and at the same 

magnification (scale bar in part a applies to all photos). (a) Bare Cu immediately after a H2 anneal 

to remove all oxide from the surface. (b) Bare Cu with a native oxide accumulated over many years 

in ambient conditions. (c) Graphene-coated Cu immediately after growth. The surface is reduced 

by a H2 anneal prior to growth to remove native oxide. (d) Graphene-covered Cu shown 1 week 

after graphene growth. The surface appears well protected from oxidation or corrosion and remains 

a pale orange color. (e) Graphene-covered Cu shown 5 months after graphene growth. Most Cu 

grains have been heavily corroded, but certain Cu grains (like the oval in the center) appear to 

resist oxidation longer than others, perhaps due to a stronger graphene Cu interaction based on the 

local Cu faceting. (f) Graphene-covered Cu shown 18 months after graphene growth. The entire 

Cu surface now appears corroded (including previously protected regions), though the thickness 

and microstructure of the oxide varies significantly among Cu grains. [Reprinted (adapted) with 

permission from [60]. Copyright (2013) American Chemical Society.]. 
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Figure 2.9: Corrosion protection phenomena in the absence a) and presence b) of GP in 

PVB (cross-sectional view) with electrochemical corrosion models for 26 h immersion in 

0.1 NaCl. [Reprinted from [30] with permission from RSC]. 

 

Like deposited graphene on Cu, monolayer of an insulating boron nitride was also 

deposited on copper foil and subjected to corrosion testing for longer period of exposure i.e., 

relative humidity of around 60% for 160 days (Figure 2.11) [63]. The short-term barrier properties of 

BN and their efficiency on Cu was estimated through acidic corrosion test by dipping into a 

HNO3 solution. Using the imaging techniques it was showed that BN was effectively protecting the 

underlying the substrate for shorter period. Further, the corrosion rates calculated from Tafel plots of 

the Graphene/Cu, BN/Cu and bare Cu substrate were found to be about 0.036, 0.046 and 0.360 mm per 

year respectively. It was also showed that for shorter periods of time the corrosion rate of G/Cu and 
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BN/Cu was almost similar indicating good short-term anti-corrosion properties graphene and BN. 

However, the long-term barrier properties of the deposited layers were tested at ambient temperature. It 

can be seen from Figure 2.11 that for longer period of immersion (80 days) a clear difference can be 

seen in the optical micrographs of G/Cu and BN/Cu.  The sample deposited with graphene showed 

highly inhomogeneous corrosion i.e., 65% of the observed area whereas the BN/Cu remained protected 

with few Cu grains showing different colors. For 120 days of exposure, compared to BN/Cu, G/Cu was 

severely corroded BN is an effective long-term corrosion barrier for Cu [63]. Similar, reports were also 

reported on the protection behavior of the layers of HBN deposited on the metallic surfaces and showed 

an improved corrosion behavior of the underlying substrates [64-66].  

All the previous discussion showed that use of graphene for corrosion protection could be 

risky for long term protection of metals against corrosion. The mechanism of corrosion protection 

and corrosion acceleration by graphene whereas only corrosion protection behavior by BN is 

depicted in Figure 2.12 [66]. This behavior can be mimic when exfoliated HBN sheets are 

incorporated and dispersed into the polymer coating. Although, it is believed that the nano-sheets 

would be randomly aligned in  the host matrix. Mono-or multiple layer hexagonal boron nitride 

has similar structure to graphene and similar properties of like high temperature resistance, 

mechanical strength, and thermal conductivity [67]. It is believed that using exfoliated HBN will 

perform same graphene without risk of promoting the corrosion reactions due to its insulating 

properties. Figure 2.13 shows the transmission electron microscopy of the exfoliated HBN in N-

Cyclohexyl-2-pyrrolidone and collected through centrifugation. The image shows that EXHBN 

could be a potential candidate to be used in polymer coatings to obtain the nanocomposite coatings 

for corrosion protection. 
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Figure 2.10: EIS magnitude spectra of coated carbon steel after 1 h (left) and 26 hrs. (right) 

immersion in 0.1 M NaCl. [Reprinted from  [56] with permission from RSC]. 

 

Further, the nano-composites of EXHBN and different type of polymers for various 

applications were also fabricated. Some of the examples are: exfoliation of HBN in isopropyl 

alcohol for both exfoliation and dispersion in poly(vinyl alcohol) and epoxy matrices to achieve 

Superior thermal transport performance [68], polyethylene/HBN nano-composites for improved 

dielectric for suitable for high voltage applications [69], exfoliation of HBN in N-Methyl-2-

pyrrolidone and nano-composites with epoxy containing thick HBN flakes co-exist with the HBN 

nanosheets were fabricated for enhanced thermal conductivity for electronic encapsulation [70], 

epoxy/HBN nano-flakes nanocomposites for improved mechanical properties [71], electrically 

insulating flexible polymeric nanocomposite films fabricated with poly(dimethylsiloxane) /BN 

exhibited electrical resistivity greater than 1.50 10-06 MΩ.cm [72, 73].  

This proposed research work is on identification of new anti-corrosion barrier pigments, 

synthesis and its protection mechanism when incorporated in polymer coating. Hexagonal boron 

nitride (HBN) of different particle size will be purchased and exfoliated in suitable solvent such 
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as Isopropyl alcohol with different sonication time and used in polymer coatings with different 

concentration. For comparison, commercially available unmodified graphene will also be used. 

The process of corrosion occurs in the presence of moisture. The evaluation of EXHBN, and 

graphene will be done by dispersing the fillers in polymer coating. These coating will be applied 

on metal surface and subjected to electrochemical testing. 

 

 

Figure 2.11: Optical microscopy images of G/Cu and BN/Cu. (a and b) As-prepared samples, (c and 

d) after 80 days', (e and f) after 120 days and (g and h) after 160 days' exposure to the ambient 

environment. [Reprinted from [63]Published by The Royal Society of Chemistry.]. 
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Figure 2.12: Representative TEM characterization of BNNSs. [Reprinted with permission from 

[67] 2016, The Electrochemical Society]. 

 

 

Figure 2.13: Corrosion protection and Corrosion promotion behavior of Boron nitride and 

Graphene deposited on a metallic substrate. Reproduced from [66] with permission John Wiley 

and Sons. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

 

During the course of this thesis, different instruments and techniques will be used for the 

production of nanocomposites and their characterization, and for physio-chemical characterization 

of the anticorrosion pigments and their electrochemical corrosion testing. Following is a brief 

overview of important techniques which will be heavily used along the way. 

3.1 Materials 

Polyvinyl butyral commercial name Butvar B-98 consisted of 18-20% hydroxyl content 

was purchased from Sigma Aldrich and used as received. The molecular weight of the as received 

PVB resin was in range of 40,000-70,000. All the fillers used in this study were purchased from 

Graphene Supermarket, USA and used as received. Hexagonal Boron Nitride (99.0%) nano-

powder with average particle size ~70 nm, specific surface area ~20 m2/g, bulk Density: 0.30 

g/cm3, true density 2.25 g/cm3. Hexagonal Boron Nitride (98.0%) micro-powder with average 

particle size ~5.0 µm, specific surface area ~7.5 m2/g and true density 2.25 g/cm3. Graphene nano-

powder was consisted of particles with average thickness < 3nm (between 3-8 graphene 

monolayers) and lateral dimensions 2-8 µm. Cold rolled carbon steel, ASTM A1008-15 with 

composition was purchased from O'Neal Flat Rolled Metals (OFR Metals), USA and used after 

surface preparation.  

Table 3.1: Composition of cold roll carbon steel 

C Mn P S Si Cu Ni Cr Mo Al N B Fe 

0.036 0.27 0.011 0.01 0.011 0.02 0.01 0.04 0.006 0.051 0.002 0.0002 Bal. 
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3.2 Exfoliation of HBN 

The exfoliation of HBN was done using a suitable solvent like isopropyl alcohol (IPA) 72 

hours using sonication bath. The started materials for exfoliation were consisted of different 

particle sizes such as 70 nm and 5 µm. The sonication bath is designed to operate for longer period 

of time to avoid the rise in water temperature. EXHBN nanoparticles were characterized using 

Transmission Electron Micrograph (TEM). For comparison, exfoliated unmodified graphene (UG) 

was also subjected to the same conditions. 

3.3 Anti-corrosion Properties: Nanocomposites of Polymer Coating 

PVB model coatings were prepared by dissolving Polyvinyl butyral, Butvar B-98 (PVB) 

with continuous shaking for 48 hours and then in a sonication bath for few hours. Similarly, 

different concentrations of EXHBN (different aspect ratio) and graphene, were subjected to 

sonication in Isopropyl Alcohol (IPA) for 72 hrs. of sonication. PVB was added quickly to the 

dispersed and exfoliated fillers solution and stirred for 48 hours yielded a uniform dispersion of 

pigment in the PVB solution [74]. Machined carbon steel with dimensions of 25×25×5 mm and 

exposed area 2.6 cm2 and a silver/silver chloride were used as the working electrode and reference 

electrode respectively. The surface of the carbon steel was prepared by finishing different grades 

of SiC grit papers from 240 up to 600 grits and polished to a mirror finish. The polished samples 

were cleaned and degrees with industrial grade methanol and acetone, dried in air and stored in 

incubator for next use.  

The coated steel substrates were coated with PVB/fillers dispersions using dip coater with 

immersion and withdraw speed of 50 and 5 mm/minute respectively. Further, the samples were 

dried at room temperature for three days followed by baking in air circulating oven at 175 C for 2 
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hours to give final coating with thickness in the range of 40–60 μm. Corrosion studies for coated 

samples were carried out in 3.5 wt. % NaCl solution for different times of exposure.  

3.4 Electrochemical Measurements 

A three-electrode cell assembly consisting of steel coupon as the working electrode (WE) 

as shown in Figure 3.2, platinum wire as the counter electrode (CE) and a saturated calomel 

electrode as reference electrode (RE) were used for the electrochemical measurements. 

Electrochemical testing was performed in a closed system under naturally aerated conditions using 

a Gamry 600 potentiostat/galvanostat/ZRA at room temperature. The sequence of electrochemical 

techniques is described below. 

 

 

Figure 3.1: Dip Coater used to coat the steel substrates. 
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Figure 3.2: Electrochemical set up. 

 

3.4.1 Open Circuit Potential 

The open circuit potential of steel samples was recorded against reference electrode. After 

the completion of each step, EIS and PD were measured by closely following the ref. [75]. 

3.4.2 Electrochemical Impedance Spectroscopy (EIS) 

Impedance measurements were performed as a function of open circuit potential (EOCP) for 

different time periods. The frequency sweep was done from 105 to 10-2 Hz at 10 mV AC amplitude 

[15]. 

3.4.3 Potentiodynamic Polarization (PD) 

The Potentiodynamic polarization measurements was performed at the end of each 

experiment by polarizing the working electrode from an initial potential of -250 mV up to a final 

potential of 750 mV as a function of open circuit potential (EOCP). A scan rate of 0.1667 mV/s was 



37 

 

used for the polarization sweep [76, 77]. Corrosion current densities icorr were obtained by 

extrapolating anodic and cathodic linear segments of Tafel plot using Echem Analyst. 

3.5 Composite and Corrosion Products Characterization 

Nanocomposites, anticorrosion fillers, cross-sectional areas of the coatings and corrosion 

products were characterized for morphology using SEM and TEM and Fourier transform infrared 

spectroscopy (FT-IR).
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CHAPTER 4 

RESULTS  

 

The electrochemical properties of the composite coatings were evaluated using 

electrochemical techniques such as open circuit potential (OCP), electrochemical impedance 

spectroscopy (EIS), and potentiodynamic (PD). OCP measurements were performed after different 

periods of immersion such as starting from 1 hour up to 72 hours. After every OCP step, EIS was 

conducted and finally PD was conducted at the end i.e., after 73 hrs. of exposure time. Different 

composition of the graphene and EXHBN are given in Table 4.1. It can be seen from the table that 

two different kinds of lateral dimensions were used for EXHBN i.e., 5 µm and 0.07 µm as shown 

in Figure 4.1 which were exfoliated in the isopropyl alcohol. The reason of choosing two different 

kinds of lateral dimensions was to compare the effect of lateral size on barrier properties of 

EXHBN. Graphene particles size with average thickness < 3nm (between 3-8 graphene 

monolayers) and lateral dimensions 2-8 µm was also used at different concentrations as shown in 

Figure 4.1. 

 

Table 4.1: Composition of the coatings and sample names 

Filler concentration Graphene 
5 µm 

EXHBN 

0.07µm 

EXHBN 

0.05 wt.% PBN0 

0.05 wt.% G02 N02 N04 

0.1 wt.% G21 N21 N41 

0.5 wt.% G22 N22 N42 

1 wt. G23 N23 N43 

3 wt.% G24 N24 N44 
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Figure 4.1: Transmission electron micrographs for EX-HBN (Top) and graphene particles 

(Bottom). 

 

Further, the XPS survey spectrum of unmodified graphene indicating the absence of 

functional groups presented on the surface and showed different C/O atomic ratio as 62/1 [29]. 

Similarly, the Fourier Transmission infrared spectroscopy (FT-IR) of nanocomposite of 

unmodified graphene also did not hint any new peak in all the cases except some slight shifting of 

wave numbers of some peaks which may be indicating interaction in un-modified graphene 

nanocomposites [15]. The electrochemical results of the polymer coatings were analyzed using 

100 nm

1000 nm
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circuit model given in 4.3. In this equivalent circuit models, generally Ru accounts for the 

uncompensated electrolyte resistance; Rpore and Rcl describe the coating pore resistance and 

metal characteristics respectively, Yc, ac and Ycl, acl represent the constant phase element (CPE) 

constants for coating and double layer capacitance respectively [29, 31, 78]. The impedance of the 

CPE can be calculated using following equation Z (CPE)= Yo
-1(jԝ)n. where, Yo is the constant of 

CPE, ω is  the angular frequency in rad s-1, and n is the exponential term which can vary between 

1 for pure capacitance and 0 for a pure resistor. n is a measure of surface in homogeneity; the lower 

its value, the higher is the surface roughening of the metal/alloy [15, 30, 45, 79, 80]. From this 

equation, the capacitance of the coating can be calculated using equation CPE= Yo(jԝ)1-n. 

 

 

Figure 4.2: XPS survey spectrum for unmodified graphene nanoplatelets. 
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Table 4.2: FTIR analysis of PVB and cross linked PVB 

PVB 

Heat 

Treat. 

Assignment PVB 

+U-GP 

 

Assignment  

3435 –OH asymmetric stretching of 

polyvinyl 

alcohol 

 

3466 –OH asymmetric stretching of 

polyvinyl 

alcohol 

 

2933 asymmetric –CH2 stretching 2919 asymmetric –CH2 stretching 

2870 Symmetric –CH2 stretching   

1732 carbonyl stretching of the acetate 2003 asymmetric C=C stretching 

vibration 

1433 –CH2 bending 1734 carbonyl stretching of the acetate  

1379 C–H bending vibration 

 

1434  

–CH2 bending  

1342 C–H bending vibration 

 

 

1378 

C–H bending vibration 

 

1239 C-O stretching vibration of 

acetate group 

1130-

994 

C–O–C–O–C stretching 

vibrations of cyclic 

acetal groups 

1341 

  1341 C–H bending vibration 

 

  1240 C-O stretching vibration of acetate 

group 

  1130-996 C–O–C–O–C stretching vibrations 

of cyclic 

acetal groups 

1341 

 

The electrochemical properties of the coatings can be divided in to three tests i.e., OCP, 

EIS and PD. Firstly, we will discuss the OCP for different formulation and different time periods 

in subsequent figures. Figure 4.4 shows that OPC of the pure PVB coating is decreases first up to 

6 hrs. i.e., from ~-500 mV to ~-570 mV with time and become constant after 24 hrs. It started to 

increase after 36 hrs. from ~-570 mV to ~-260 mV. Again, it showed decline in OCP from 260 
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mV and ended at ~-350 mV after 72 hrs. During the OCP measurements, the small fluctuations 

were observed in all of the profiles.   

 

 

Figure 4.3: Model circuits for PVB nanocomposites coating on carbon steel during immersion in 

3.5% NaCl. 

 

 

Figure 4.4: OCP plots for PBN0 during 72 hrs. of exposure in 3.5 wt. % NaCl. 

 

Figure 4.5 shows that OCP of the PVB-unmodified graphene nanoplatelets nanocomposite 

coatings containing a concentration of 0.05 wt. % graphene of PVB resin. It can be seen that OCP 
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decreases first up to 6 hrs. i.e., from ~0 mV to ~-390 mV with time and after that it was constantly 

and slowly increased during 72 hrs. and ended up at ~-250 mV. Compared to pure coating, the 

OCP of G-02 exhibited a higher potential at the beginning i.e., ~0 mV which was ~-500 mV for 

pure PVB coating. Also, it showed lesser recovery compared to pure PVB coating where it was 

moving towards positive direction from ~-570 mV to ~-350 which is around ~220 mV in positive 

direction. In G-02 case, the recovery was from ~-389 mV to ~- 250 mV which is around ~140 mV 

in the positive direction.  

 

 

Figure 4.5: OCP plots for G02 during 72 hrs. of exposure in 3.5 wt. % NaCl. 

 

It can be seen from Figure 4.6 that OCP of the PVB-unmodified graphene nanoplatelets 

nanocomposite coatings containing a concentration of 1.0 wt. % graphene of PVB resin. The OCP 

of G23 initially ended at ~115 mV.  It can be seen that OCP decreased first up to 24 hrs. i.e., from 

~115 mV to ~-220 mV with time and after that it was constantly and slowly decreased during 72 

hrs. and ended up at ~-500 mV. Compared to G02 (PVB-unmodified graphene nanoplatelets 
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nanocomposite coatings containing a concentration 0.05 wt. % of PVB resin), the OCP of G-23 

exhibited a higher potential at the beginning i.e., ~115 mV which was ~-0 mV for G02 coating. 

Also, it did not show any recovery compared to pure G02 coating where it was moving towards 

positive direction from ~-389 mV to ~- 250 mV which is around ~140 mV in the positive direction. 

In case of G-23, the OCP was continuously decreasing in the negative direction.  

 

Figure 4.6: OCP plots for G23 during 72 hrs. of exposure in 3.5 wt. % NaCl. 

 

Figure 4.7 shows that OCP of the PVB-unmodified graphene nanoplatelets nanocomposite 

coatings containing a concentration of 3.0 wt. % graphene of PVB resin. The OCP of G24 initially 

exhibited a potential of ~110 mV.  It can be seen that OCP decreases first, up to 24 hrs. i.e., from 

~110 mV to ~-220 mV with time and after that it was constantly and slowly decreased during 72 

hrs. and ended up at ~-500 mV. Compared to G02 (PVB-unmodified graphene nanoplatelets 

nanocomposite coatings containing a concentration 0.05 wt. % of PVB resin), the OCP of G-23 

exhibited a higher potential at the beginning i.e., ~110 mV which was ~-0 mV for G02 coating. 
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Also, it did not show any recovery compared to pure G02 coating where it was moving towards 

positive direction from ~-389 mV to ~- 250 mV which is around ~140 mV in the positive direction.  

 

 

Figure 4.7: OCP plots for G24 during 72 hrs. of exposure in 3.5 wt. % NaCl. 

 

It can be seen from Figure 4.8 that OCP of the PVB-unmodified 5 µm particle size of 

exfoliated hexagonal boron nitride (EXHBN) nanoplatelets nanocomposite coatings containing a 

concentration of 0.05 wt. % EXHBN of PVB resin. The OCP plot of N02 initially exhibited that 

the potential ended at low ~-480 mV.  It can be seen that OCP slightly decreased first, up to 12 

hrs. i.e., from ~-480 mV to ~-500 mV with time and after that it was constantly and slowly 

decreased during 36 hrs. and ended up at again ~-480 mV showing a little recovery and ended up 

with slight decreased ~-490 mV after 72 hrs. Compared to G02 (PVB-unmodified graphene 

nanoplatelets nanocomposite coatings containing a concentration 0.05 wt. % of PVB resin), the 

OCP of N02 exhibited a lower potential at the beginning i.e., ~-480 mV which was ~0 mV for G02 

coating. Also, it did not show any recovery compared to pure G02 coating where it was moving 
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towards positive direction from ~-389 mV to ~- 250 mV which is around ~140 mV in the positive 

direction.  

 

 

Figure 4.8: OCP plots for N02 during 72 hrs. of exposure in 3.5 wt. % NaCl. 

 

From Figure 4.9, it can be observed that OCP of the PVB-unmodified 5 µm particle size 

of exfoliated hexagonal boron nitride (EXHBN) nanoplatelets nanocomposite coatings containing 

a concentration 1.0 wt. % EXHBN of PVB resin. The OCP of N23 initially exhibited that the 

potential ended at lower ~-580 mV compared to N02.  It can be seen that OCP slightly increased 

up to 60 hrs. i.e., from ~-580 mV to ~-180 mV with time and after that it was constantly and slowly 

decreased during 72 hrs. and ended up at again ~-206 mV showing a huge recovery 380 mV after 

72 hrs. Compared to N02 (PVB-unmodified 5 µm particle size of exfoliated hexagonal boron 

nitride (EXHBN) nanoplatelets nanocomposite coatings containing a concentration of 0.05 wt. % 

of PVB resin), the OCP of N02 exhibited a slightly high potential at the beginning i.e., ~-480 mV 

which was  ~-580 mV for N23 coating. Also, it showed a huge recovery compared to pure previous 
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coating (N02) where it was moving towards the positive direction from ~-580 mV to ~- 206 mV 

which is around ~380 mV in the positive direction. 

 

 

Figure 4.9: OCP plots for N23 during 72 hrs. of exposure in 3.5 wt. % NaCl. 

 

The OCP of the PVB-unmodified 5 µm particle size of exfoliated hexagonal boron nitride 

(EXHBN) nanoplatelets nanocomposite coatings containing a concentration 3.0 wt. % EXHBN of 

PVB resin can be seen in Figure 4.10.The OCP of N24 initially exhibited that the potential ended 

at higher ~-290 mV compared to N23.  It can be seen that OCP slightly decreased up to 6 hrs. i.e., 

from ~-290 mV to ~-380 mV with time and after that it was constantly and slowly increased during 

72 hrs. and ended up at again ~-160 mV showing a recovery of 130 mV after 72 hrs. compared to 

N23 (PVB-unmodified 5 µm particle size exfoliated hexagonal boron nitride (EXHBN) 

nanoplatelets nanocomposite coatings containing a concentration 1.0 wt. % of PVB resin), the 

OCP of N24 exhibited a slightly high potential at the beginning i.e., ~-290 mV which was  ~-580 

mV for N23 coating. Also, it showed a comparable recovery compared to previous nanocomposite 
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coating (N23) where it was moving towards positive direction from ~-580 mV to ~- 206 mV which 

is around ~380 mV in positive direction. 

 

 

Figure 4.10: OCP plots for N24 during 72 hrs. of exposure in 3.5 wt. % NaCl. 

 

Figure 4.11 shows that OCP of the PVB-unmodified 0.07 µm particle size exfoliated 

hexagonal boron nitride (EXHBN) nanoplatelets nanocomposite coatings containing a 

concentration 0.05 wt. % EXHBN of PVB resin. The OCP of N04 initially exhibited that the 

potential ended at lower ~-500 mV compared to N02.  It can be seen that OCP slightly increased 

up to 12 hrs. i.e., from ~-500 mV to ~-360 mV with time and constantly and slowly decreased 

during 72 hrs. and ended up at again ~-600 mV showing a huge decline after 72 hrs. compared to 

N02 (PVB-unmodified 5 µm particle size exfoliated hexagonal boron nitride (EXHBN) 

nanoplatelets nanocomposite coatings containing a concentration of 0.05 wt. % of PVB resin), the 

OCP of N04 exhibited a slightly high potential at the beginning i.e., ~-500 mV which was  ~-580 

mV for N02 coating. Also, it showed a huge decline compared to previous coating (N02) where it 



49 

 

was moving towards the positive direction from ~-580 mV to ~- 206 mV which is around ~380 

mV in the positive direction. 

 

 

Figure 4.11: OCP plots for N04 during 72 hrs. of exposure in 3.5 wt. % NaCl. 

 

It can be seen from Figure 4.12 that OPC of the 0.07 µm particle size exfoliated hexagonal 

boron nitride (EXHBN) nanoplatelets nanocomposite coatings containing a concentration of 1.0 

wt. % EXHBN of PVB resin. The OCP of N43 initially exhibited that the potential ended at ~-

423mV.  It can be seen that OCP increases first, up to 12 hrs. i.e., from ~-423 mV to ~-155 mV 

with time and constantly and slowly decreased and then increased during 24 hrs. and ended up at 

~-240 mV. compared to N23 (PVB-unmodified 5 µm particle size of exfoliated hexagonal boron 

nitride (EXHBN) nanoplatelets nanocomposite coatings containing a concentration of 1.0 wt. % 

EXHBN of PVB resin), the OCP of N-23 exhibited a higher potential at the beginning i.e., ~-423 

mV which was ~-580 mV for N23 coating. Also, it showed recovery compared to pure N02 coating 

where it was moving towards the positive direction from ~-423 mV to ~- 240 mV which is around 
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~180 mV in the positive direction. In N-23 case the OCP was continuously decreasing from in the 

negative direction.  

 

 

Figure 4.12: OCP plots for N43 during 72 hrs. of exposure in 3.5 wt. % NaCl. 

 

Figure 4.13 shows the impedance response of the different concentrations of unmodified 

graphene-PVB nanocomposite coatings after immersion in 12 hrs. For comparison purposes, pure 

PVB was also plotted. The impedance response of the coatings can be seen at very low frequency 

i.e., the frequency is approaching to zero. At this frequency, the impedance is purely attributed to 

resistance. The pure PVB coating displayed a resistance of 21E6 ohm.cm2 at frequency 0.01Hz.  It 

can be seen that with addition of 0.05 wt. % of UG did not affect the pure PVB coating and showed 

a similar impedance. With the increased amount of UG i.e., 0.1 and 0.5 wt. % UG, the coatings 

showed a similar resistance of 150E6 ohm.cm2. After that, with increased amount of UG i.e., 0.5 

wt. % showed a sudden decline in the impedance i.e., from 150E6 ohm.cm2 to 14E6 ohm.cm2. 

Further, increased amount of UG i.e., 1.0 wt. %, the impedance decreased from 150E6 ohm.cm2 

to 6.0 E6 ohm.cm2. These results indicate that the impedance of the pure PVB coatings were 
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improved with intermediate concentrations and showed a decline at high concentration of UG. It 

is noteworthy here that all of the concentrations showed similar behaviors at very high frequency. 

 

 

Figure 4.13: Impedance modulus (Z) vs Log freq. after 12 hours of immersion in 3.5 wt. % NaCl 

for different concentrations of unmodified graphene- PVB nanocomposite coatings. 

 

Figure 4.14 shows the impedance response of the different concentrations of unmodified 5 

µm of exfoliated hexagonal boron nitride-PVB nanocomposite coatings after immersion in 12 hrs. 

For comparison purposes, pure PVB was also plotted. The impedance response of the coatings can 

be seen at very low frequency i.e., frequency is approaching to zero. At this frequency, the 

impedance is purely attributed to resistance. The pure PVB coating displayed a resistance of 21E6 

ohm.cm2 at frequency 0.01Hz.  It can be seen that with addition of 0.05 wt. % of 5 µm of exfoliated 

hexagonal boron nitride did not affect the pure PVB coating and showed a slight decline in the 

impedance i.e., 8E6 ohm.cm2 which was 17E6 ohm.cm2 for similar concentration of UG. With the 

increased amount of 5 µm of EXHGBN i.e., 0.1 and 0.5 wt. % nanocomposite coatings showed a 

similar resistance of 110E6 ohm.cm2 which was 150E6 ohm.cm2 for UG nanocomposite coatings. 
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After that, with increased amount of 5 µm of EXHGBN i.e., 1.0 wt. % showed a sudden increased 

in the impedance i.e., from 110E6 ohm.cm2 to 14E9 ohm.cm2 an order of three magnitudes. These 

results indicate that the impedance of the pure PVB coatings were improved with intermediate 

concentration and showed a very high impedance at high concentration better than UG. It is 

noteworthy here that all of the concentrations showed a similar behavior at very high frequency. 

 

 

Figure 4.14: Impedance modulus (Z) vs Log freq. after 12 hours of immersion in 3.5 wt. % NaCl 

for different concentrations of 5.0 µm particle size of exfoliated hexagonal boron nitride- PVB 

nanocomposite coatings. 

 

Figure 4.15 shows the impedance response of the different concentrations of unmodified 

0.07 µm of exfoliated hexagonal boron nitride-PVB nanocomposite coatings after immersion in 

12 hrs. For comparison purposes, pure PVB was also plotted. The impedance response of the 

coatings can be seen at very low frequency i.e., frequency is approaching to zero. At this frequency, 

the impedance is purely attributed to resistance. The pure PVB coating displayed a resistance of 

21E6 ohm.cm2 at frequency 0.01Hz.  It can be seen that with addition of 0.05 wt. % of 0.07 µm of 
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exfoliated hexagonal boron nitride affect the pure PVB coating and showed a rise in the impedance 

i.e., 103E6 ohm.cm2 which was 17E6 ohm.cm2 for similar concentration of UG and 8E6 ohm.cm2 

for 5 µm of exfoliated hexagonal boron nitride-PVB nanocomposite coatings. With the increased 

amount of 0.07 µm EXHGBN i.e., 1.0 wt. % nanocomposite coatings showed a decline in the 

resistance of coating i.e., 45E6 ohm.cm2 which was 14E9 ohm.cm2   and 150E6 ohm.cm2 for 5 µm 

of EXHBN and UG composite coatings. After that, with increased amount of 5 µm of EXHBN 

i.e., 1.0 wt. % showed a sudden decreased in the impedance i.e., from 103E9 oh./cm2 to 40E6 

ohm.cm2 . These results indicate that the impedance of the pure PVB coatings were improved with 

intermediate concentrations and showed a very lower impedance at higher concentration of 5 µm 

of EXHBN. It is noteworthy here that all of the concentrations showed similar behaviors at very 

high frequency.  

 

 

Figure 4.15 Impedance modulus (Z) vs Log freq. after 12 hours of immersion in 3.5 wt. % NaCl 

for different concentration of 0.07 µm particle size exfoliated hexagonal boron nitride - PVB 

nanocomposite coatings. 
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Figure 4.16 shows the impedance response of the 1.0 wt. % of unmodified graphene-PVB 

nanocomposite coatings, 0.07 µm and 5 µm exfoliated hexagonal boron nitride-PVB 

nanocomposite coatings after immersion in 12 hrs. For comparison purposes, pure PVB was also 

plotted. The pure PVB coating displayed a resistance of 21E6 ohm.cm2 at frequency 0.01Hz.  It 

can be seen that with addition of 1.0 wt. % of UG reduce the resistance of the pure PVD coating 

and showed an impedance of 13E6 ohm.cm2. For 5 µm EXHBN-PVB nanocomposite coatings, it 

can be seen that with addition of 1.0 wt. % improve the resistance of the pure PVD coating and 

showed an impedance of 13E9 ohm.cm2. Further use of 0.07 µm EXHBN-PVB i.e., at 1.0 wt. %. 

The resistance shown by the nanocomposites coating was 43E6 ohm.cm2 which is lesser than 5 

µm EXHBN-PVB and more than pure PVB and PVB-GP. 

 

 

Figure 4.16: Impedance modulus (Z) vs Log freq. after 12 hours of immersion in 3.5 wt. % NaCl 

for 1 wt.% concentration of pure PVB, unmodified graphene nanoparticles, 5 µm and 0.07 µm 

particle size exfoliated hexagonal boron nitride - PVB nanocomposite coatings. 
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Figure 4.17 shows the polarization response of the 1.0 wt. % of unmodified graphene-PVB 

nanocomposite coatings, 0.07 µm and 5 µm exfoliated hexagonal boron nitride-PVB 

nanocomposite coatings after immersion in 73 hrs. of immersion. For comparison purposes, pure 

PVB was also plotted. The corrosion current density indicates the ability of the electrochemical 

reaction takes place on metal surface i.e., higher the corrosion current density more the 

electrochemical reactions occurring on the surface. It can be seen from PD curves that pure PVB 

coating displayed a corrosion current density of 2E-9 A/cm2 which was similar to 0.07 µm EXHBN 

2E-9 A/cm2.  It can be seen that with addition of 1.0 wt. % of UG affect the pure PVD coating a 

lot and showed current density of 1.3E-6 A/cm2 which is about three orders of magnitude lesser 

than the 0.07 µm EXHBN. Further, the corrosion current density shown by 5.0 µm EXHBN was 

three magnitude of order higher than PVB and 0.07 µm EXHBN coatings and 6 magnitude of order 

better than PVB containing 1.0 wt. % UG. Further, the corrosion potential of the 5.0 µm EXHBN 

was higher than all of the other compositions. 

 

 

Figure 4.17: Potentiodynamic curves (polarization curves) after 73 hours of immersion in 3.5 wt. 

% NaCl for 1 wt.% concentration of pure PVB, unmodified graphene nanoparticles, 5 µm and 0.07 

µm particle size exfoliated hexagonal boron nitride - PVB nanocomposite coatings.  
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CHAPTER 5 

DISCUSSION 

 

The discussion section is mainly focused on the exfoliation of the hexagonal boron nitride 

particles and electrochemical response of the nanocomposites coatings when exposed to corrosive 

solution. The exfoliation method includes the sonication of the EXHBN in isopropyl alcohol for 

72 hours.  Further, the electrochemical techniques like OCP, EIS and PD are also included in the 

coating discussion. 

5.1 Exfoliation of Hexagonal Boron Nitride/Polymer Nanocomposite Coatings 

Boron nitride having remarkable physical and chemical properties especially electrically 

insulating nature suitable for polymer coatings. The electrically insulating material incorporated 

in anti-corrosion polymer coatings would not help the corrosion process to occur rapidly upon 

disruption of the coating barrier, and it would also increase the barrier properties of the coatings. 

The HBN is a 2D multi-sheet stacked on each other containing boron and nitrogen atoms arranged 

in honeycomb structure like graphene. For exfoliation of graphite to graphene, many methods are 

reported in the literatures, like thermal exfoliation, chemical methods, sonication, scotch tape, 

chemical vapor deposition and epitaxial growth [81]. Similarly, for exfoliation of HBN many 

methods were proposed like chemical, thermal exfoliation, sonication etc. Among them, sonication 

is easiest and economical method to achieve exfoliated HBN 2D sheets [82]. For exfoliation of 

HBN into nanosheets, two different kinds of particles size were used and subjected to bath 

sonication at concentration required for the nanocomposite coating. For sonication medium, 

isopropyl alcohol was used which can also dissolve the polymer resin. In one of the cited 
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literatures, Khan et al. exfoliated the HBN using ultrasonic technique in aqueous solutions in the 

presence of polyvinyl alcohol and produced polyvinyl alcohol/EXHBN nano-composite films. 

They reported that the resultant nanosheets were sterically stabilized by adsorbed polymer chains 

on the surface. The characterization showed that the 2D nanosheets were well dispersed in the 

nanocomposites [83]. The exfoliation of bulk HBN can be seen in Figure 5.1 which shows few 

sheets thick 5 µm and 0.07 µm particles. The TEM characterizations of HBN 2D sheets can be 

observed as semi-transparent indicating a small thickness of stacked sheets. Moreover, the 

sonication assisted exfoliation process in isopropyl alcohol resulted in few-layers HBN micro 

sheets (lateral direction) which were distributed randomly [70]. Lin et al.  chemically exfoliated 

the HBN into few-layered and monolayered nanosheets using lipophilic and hydrophilic amine 

molecules. The high resolution TEM results shows that the EXHBN nano sheets tends to buckle 

and fold like our case (Figure 2.12) and the folded edge was consisted of six sheets. The reported  

lateral dimensions were found less than 100-1000 nm [84].   

It can be seen from Figure 5.1 that the particle size for 5 µm has some of the lateral 

dimension are more than 10 µm indicating a higher surface area. From these results, we can say 

that the aspect ratio for 5 µm particles is very high compared to 0.07 µm. SEM images confirms 

the size difference in the size of the three compared fillers. It can be clearly seen that micro sized 

HBN and graphene shows a larger lateral size yielding sheets with larger lateral dimension 

compared of nano-sized HBN particles. The high aspect ratio may be useful to improve the barrier 

properties marginally compared to 0.07 µm. The lateral direction of 0.07 µm was in range of 100-

1000 µm indicating a lower.  For comparison, exfoliated graphene is also shown in Figure 2.12 

which has also lateral dimension more than 10 µm indicating a high surface area and aspect ratio. 
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Figure 5.1: Scanning electron micrographs of unexfoliated (a) 0.07 µm HBN, (c) 5.0 µm HBN and 

(a) unmodified graphene. 

 

Similarly, the cross-sectional areas of nanocomposites coatings comprised of exfoliated 

0.07 µm HBN, 5.0 µm HBN and unmodified graphene can be seen in Figure 5.2 (a-c). The cross 
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sectional areas do not show any major agglomeration at micro level. Otherwise, it can be believed 

that the nanocomposites coatings contained well dispersed nano-fillers both at nano and micro 

levels. 

 

 

Figure 5.2: Scanning electron micrographs of nano-composite coatings (a) 0.07 µm HBN, (c) 5.0 

µm HBN and (c) unmodified graphene. 
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5.2 Open Circuit Potential 

The open circuit potential is typically used to understand the reactions occurring on the 

metallic surface. In case of coatings, it depends on the combined OCP values of the 

nanocomposites coated metal (electrical resistance) and metal itself [85]. Usually, the OCP 

measurements determine the corrosion potential of the coated metals against a reference electrode 

with changing exposing time. The OCP measurements have the inclination to estimate if the 

coating is shielding the metallic substrate. In case the OCP value increases with time, it can be 

concluded that the coating is providing lesser protection and the coating is degrading with by 

developing electrolyte ionic paths.  From this discussion, it may be inferred that OCP of a good 

polymeric layer will be difficult to determine and values gained can be some random number. In 

this case, if the readings are less noble than the OCP value of the giving the OCP of metal surface 

which is resulting from coating  degradation OCP tests are conducted before each EIS [86].  

Table 5.1, Figure 5.3, and Figure 5.4 present the OCP of PVB, PVB-GP and PVB-EXHBN 

(5 and 0.07 µm) nanocomposites coatings containing 0.05 wt.% and 1.0 wt. % filler and exposed 

to 3.5 wt.% NaCl for different periods of immersion i.e., from 1hr. to 72 hrs. It can be clearly seen 

that OCP of pure PVB coating started from ~-487 mV after 1 hr. and increased to ~-256 mV 

indicating healing effect shown by the PVB resin. After that, it again continuously decreasing 

towards negative direction and end at ~-340 mV.  This kind of healing also shown by one of the 

researcher where the pure PVB coating showed decline and then returned to positive value and 

become stable [28]. The healing effect of the pure PVB was also considered in the proceeding 

discussion of nanocomposite coatings.  
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Table 5.1: Open circuit potential for polymer nanocomposite coatings during 72 hrs. of 

immersion exposed to 3.5% NaCl 

Sample OCP (mV) 

 & Time (hr.) 
1 6 12 24 36 48 60 72 

PBN0 ~-487  ~-566 ~-560 ~-551 ~-256 ~-278 ~-350 ~-340 

G02 (0.05 wt.% UG) ~-350 ~-390 ~-365 ~-338 ~-324 ~-309 ~-301 ~-258 

G23 (1.0 wt.% UG) ~109 ~-314 ~-260 ~-230 ~-511 ~-510 ~-544 ~-530 

N02 (0.05 wt.% 5 µm 

EXHBN) 

~60 ~30 ~-330 ~-350 ~-106 ~-270 ~-270 ~-217 

N23 (1.0 wt.% 5 µm 

EXHBN) 

~-550 ~-414 ~-297 ~-226 ~-200 ~-190 ~-180 ~-160 

N04 ((0.05 wt.% 0.07 

µm EXHBN)) 

~-500 ~-510 ~-370 ~-500 ~-600 ~-600 ~-600 ~-542 

N43 (1.0 wt.% 0.07 

µm EXHBN) 

~-424 ~-476 ~-155 ~-286 ~-260 ~-262 ~-245 ~-270 

 

 

Figure 5.3: Evolution of open circuit potential vs. time after during 72 hours of immersion in 3.5 

wt. % NaCl for pure PVB and 0.05 wt.% concentration of unmodified graphene nanoparticles, 5 

µm and 0.07 µm particle size exfoliated hexagonal boron nitride - PVB nanocomposite coatings. 
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Figure 5.4: Evolution of open circuit potential vs. time after during 72 hours of immersion in 3.5 

wt. % NaCl for pure PVB and 1.0 wt.% concentration of unmodified graphene nanoparticles, 5 

µm and 0.07 µm particle size exfoliated hexagonal boron nitride - PVB nanocomposite coatings. 
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provided by the graphene which was not observed at lower concentration. The low concentration 

does not allow the graphene particles to touch each other; consequently, avoiding the conducting 

pathways [29, 30].  Also, the healing effect caused by PVB was not dominant in this case. 

Further, the addition of EXHBN at 0.01 wt. % with 5 µm particle size also shifted the OCP to 

positive direction i.e., ~60 mV which continuously decreased to negative side for short period 

but regain after that and ended at ~- 217 similar to G02, exhibiting similar behavior. With 

increasing the concentration of the EXHBN to 1 wt.% the OCP showed a very high negative 

effect OCP i.e., ~- 530 mV owing to defects created due to higher concentration of EXHBN. It 

can also be seen that with increased exposed time contrary to UG, the potential was decreasing 

rapidly indicating that EXHBN is not promoting the corrosion reaction. Further, the addition of 

EXHBN with 0.07 µm particle size did not exhibit any major change in the behavior of 

nanocomposite coatings. However, the increased amount of EXHBN with 0.07 µm particle size 

showed similar behavior as shown by EXHBN with 0.07 µm particle size containing 

nanocomposites coatings and ended up at higher potential than N23 also indicating that EXHBN 

was not promoting the corrosion reaction. 

5.3 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is non-destructive technique use to 

determine the electrochemical properties of the metal/coating and coating/electrolyte interfaces. 

During this technique, an AC sinusoidal voltage is applied across the interface, and the response 

in current measured and drawn on two types of plots Nyquist and Bode [48]. The protection 

behavior of the coated metal may be inferred from the combined resistance of the coating and 

charge transfer resistance of the metallic surface. The coating resistance indicate the resistance of 

the ionic paths present in the coating during exposure to the corrosive solution. Moreover, the 
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charge transfer resistance indicates the ability of the metal surface to resist the electrochemical 

reaction to occur on the surface i.e., at the interface of coating and metal. Usually, the metal 

resistance is directly affected by the resistance provided by the coating. In case the coating has 

good resistance, it may stop the corrosive solution to reach the interface; consequently, improves 

the charge transfer resistance. Also, the values of impedance (y-axis) at frequency approaching to 

zero (f→0) usually represent the combined resistance provided by coating and metallic surface. 

Table 5.2, Figure 5.5, and Figure 5.6 present the Rp of PVB, PVB-GP and PVB-EXHBN 

(5 and 0.07 µm) nanocomposites coatings containing 0.05 wt.% and 1.0 wt. % filler and exposed 

to 3.5 wt.% NaCl for different periods of immersion i.e., from 1hr. to 72 hrs. These values were 

obtained after simulating the EIS data using the model circuit shown in Figure 4.3. The results are 

in agreement with the OCP values. It can be clearly seen that Rp of pure PVB coating started from 

4.6E7 Ω.cm2 after 1 hr. immersion exhibiting the resistance of pure coating for short periods 

immersion. This resistance depicted the combined resistance provided by coating and metal 

surface. The coating/layer resistance depends on the ability of the polymer to resist the 

development of ionic pathways with in the coating. The higher the number of ionic paths exist in 

the coating lower the coatings. The polymer usually has free volume between polymer chains 

which provide the easy paths for the electrolyte molecules to penetrate through it. Moreover, there 

are other factors such as solubility parameter, temperature, corrosive nature of solvent, interaction 

of polymer chains with solvent molecules etc. also effect the film resistance of the coating towards 

corrosive solution. Unlike crosslinked polymers, un-crosslinked polymer chains have higher 

degree of freedom to move around the main chain allows them to interact with the corrosive 

solution. Usually, the inherited impedance properties of un-crosslinked polymer are lower than the 

crosslinked polymer and the impedance deplete faster. Herein, we used the un-crosslinked PVB 
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and nanocomposite coatings. The impedance of the pure polymer displayed a resistance of 4.6E7 

Ω.cm2 initially which was decreasing indicating the development of ionic paths up to 24 hrs. i.e., 

1.5E7. After that, it showed rise in the resistance owing to healing effect of PVB resin (at 35 hrs. 

3.0E7) may be due to reaction with water molecules. The impedance than showed a slight declined 

and ended at 1.9E7 after 72 hrs. of exposure which was similar to 6 hrs. immersion. The addition 

of graphene at low concentration i.e., 0.05 wt. % to PVB improved the initial increase in impedance 

from 4.5E7 to 7.3E7 Ω.cm2 indicating the blocking effect of provided by the UG. On the other 

hand, the extra impedance provided by UG was decreasing rapidly compared to pure PVB coating 

and also it did not show any healing effect as we observed in pure PVB coating. This may be due 

to the fact that UG could enhance the electrochemical reaction occur due to higher electrical 

conductivity of the UG; consequently, dominating the corrosion reaction over healing ability of 

the PVB. Similarly, addition of UG at higher concentration i.e., 1.0 wt. % improves the initial 

impedance of pure PVB and UG 0.01 wt. % to two order of magnitude i.e., 9E9 Ω.cm2. Contrary 

to PVB and similar to 0.01wt. % UG the impedance declined rapidly. Further, the impedance 

continuously declined and showed 3 order of magnitude lesser value than G02 nanocomposite i.e., 

5E4 Ω.cm2. after 72 hrs. exposure It can be inferred from these results that higher amount of UG 

promoting the corrosion reaction to a larger extent, and the higher amount of UG produced more 

defects in the PVB coating resulting coating degradation. 

Further, addition of 0.05 wt.% 5 µm EXHBN which were larger in lateral direction than 

0.01 µm EXHBN. The initial impedance was 2 orders of magnitude higher than G02 and contrary 

to G02 it was declining slowly i.e., after 12 hrs. of immersion the impedance was almost an order 

of magnitude higher than G02 for the same periods of immersion. The impedance also ended 

higher than G02 i.e., 2E7 Ω.cm2for N02 and 1.1 Ω.cm2for G02. 
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Table 5.2: Total resistance (Rp) (Coating &Charge transfer Resistance) for polymer 

nanocomposite coatings during 72 hrs. of immersion exposed to 3.5% NaCl 

Rp (Ω.cm2) 

 & Time (hr.) 
1 6 12 24 36 48 60 72 

PBN0  4.6E7 2.4E7 2.0E7 1.5E7 3.0E7 2.5E7 2.1E7 1.9E7 

G02 (0.05 wt.% UG)  7.3E7 2.5E7 1.8E7 1.5E7 1.3E7 1.25E7 1.2E7 1.1E7 

G23 (1.0 wt.% UG)  9.0E9 2.0E7 1.4E7 8.0E6 0.12E6 0.1E6 0.05E6 0.05E6 

N02 (0.05 wt.% 5 µm 

EXHBN)  

4.8e9 4.0e9 1.2e8 1.8E7 2.0E7 1.9E7 1.9E7 2E7 

N23 (1.0 wt.% 5 µm 

EXHBN) (× 106) 

9e10 9e10 1e10 3e9 2.2e9 1.9e9 1.8e9 1.1e9 

N04 (0.05 wt.% 0.07 

µm EXHBN)  

3.5e7 8.1e7 1e8 2.8E6 3.0E6 2.7E6 4.0E6 4.8E6 

N43 (1.0 wt.% 0.07 

µm EXHBN) 

2.8e8 3.7e7 6.4e7 1.7e7 1.3e7 1.2e7 1.1e7 1.0e7 

 

 

Figure 5.5: Combined resistance (coating resistance (Rpore) + charge transfer resistance (Rct)) 

after 1 hours of immersion in 3.5 wt. % NaCl for pure PVB and 0.05 wt.% and 1.0 wt.% 

concentration unmodified graphene nanoparticles, 5 µm and 0.07 µm particle size exfoliated 

hexagonal boron nitride - PVB nanocomposite coatings. 
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Figure 5.6: Combined resistance (coating resistance (Rpore) + charge transfer resistance (Rct)) 

after 72 hours of immersion in 3.5 wt. % NaCl for pure PVB and 0.05 wt.% and 1.0 wt.% 

concentration unmodified graphene nanoparticles, 5 µm and 0.07 µm particle size exfoliated 

hexagonal boron nitride - PVB nanocomposite coatings. 
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Figure 5.7: Total resistance (Rp) (Coating & Charge transfer Resistance) for polymer 

nanocomposite coatings during 72 hrs. of immersion exposed to 3.5% NaCl. 
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potential of the working electrode is changed at fixed and selected rate and the response which is 

current is monitored. During this technique, the potential is changed anodically and cathodically. 

During anodic polarization, the potential is changes in positive direction whereas in cathodic 

polarization the potential of the electrode is moved in negative direction. In this process, the 

electrical conduction route is provided by the potentiostat to which the working electrode is 

connected whereas ionic conduction occurs through the electrolyte solution.  Corrosion/exchange 

current density is one of the useful information which is extracted from PD curves by extrapolating 

back from the anodic and cathodic branches from deviating point to the point where the forward 

and backward reactions are equivalent. At this point, the current has very low magnitude and also 

higher  current density values represent higher corrosion rate [51]  

Figure A.1, Table 5.3 and Table 5.4, depict the PD parameters such as corrosion current 

density, corrosion potential and corrosion rate obtained after 73 hrs. exposed to 3.5 wt.% NaCl. It 

can be seen that pure PVB coatings showed corrosion current density value as 4.1E9 and corrosion 

potential -383 mV which were slightly improved for corrosion current and marginally improved 

for potential with the addition of 0.01 wt.% of UG i.e., 4.7E-9 and -280 mV. These results indicate 

the lower amount of UG did not affect the electrochemical reactions occurring on the surface. This 

phenomenon may be attribute to the fact that at lower concentration the UG particles are not 

effectively touching each other to develop ionic paths; consequently, promoting the corrosion 

reaction [30]. Further, increasing the amount of UG in the PVB nanocomposites, increase the 

current density to three orders of magnitude indicating the worse effect of UG on carbon steel. 

Along with the increased corrosion current, the presence of UG also caused the potential of UG 

coated carbon steel to be shifted in negative direction and exhibited a value of -600 mV. Further, 

the addition of small amount (0.01 wt.%) of 5 µm EXHBN also did not show much difference than 
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pure coating except decreased potential value. Upon increasing the concentration of 5 µm EXHBN 

to 1.0 wt.%, the nanocomposite coatings improved the corrosion current to 2 order of magnitude 

indicating the superior properties of 5 µm EXHBN. Further addition of 0.07 µm EXHBN at 1 wt.% 

did not affect much the corrosion current and potential of the nanocomposites coating covered 

carbon steel.  

      

Table 5.3: Current density (i) for polymer nanocomposite coatings after 73 hrs. of immersion 

exposed to 3.5% NaCl 

Sample Current density (i (A/cm2) Corrosion Potential (mV) 

PBN0  4.1E-9 -383 

G02 (0.05 wt.% UG)  4.7E-9 -280 

G23 (1.0 wt.% UG)  1.1E-6 -600 

N02 (0.05 wt.% 5 µm EXHBN)  3.6E-9 -310 

N23 (1.0 wt.% 5 µm EXHBN)  1.7E-11 -302 

N04 (0.05 wt.% 0.07 µm EXHBN)  3.3E8 -650 

N43 (1.0 wt.% 0.07 µm EXHBN) 3.6E-9 -337 

 

 

Table 5.4: Corrosion rate of carbon steel after 72 hours of immersion in 3.5 wt. % NaCl for pure 

PVB and 0.05 wt.% and 1.0 wt.% concentration unmodified graphene nanoparticles, 5 µm and 

0.07 µm particle size exfoliated hexagonal boron nitride - PVB nanocomposite coatings 

 

  

Sample CR (mm/year) 

PBN0  1.90E-05 

G02 (0.05 wt.% UG)  2.18E-05 

G23 (1.0 wt.% UG)  5.11E-03 

N02 (0.05 wt.% 5 µm EXHBN)  1.67E-05 

N23 (1.0 wt.% 5 µm EXHBN)  7.89E-08 

N04 (0.05 wt.% 0.07 µm EXHBN)  1.53E-04 

N43 (1.0 wt.% 0.07 µm EXHBN) 1.67E-05 
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CHAPTER 6 

CONCLUSIONS 

 

The need to overcome the major disadvantage of graphene (electrical conductivity) in 

polymeric films/coatings for longer periods of exposure led to the development of coatings 

containing high aspect ratio fillers same as graphene but with insulating nature. This research work 

deals with the investigation of electrochemical properties of nanocomposite coatings applied on 

carbon steel and containing different concentration of exfoliated hexagonal boron nitride. To study 

the effect of barrier properties on lateral dimension, we selected two different particle sizes of 

HBN i.e., 5 µm and 0.07 µm and sonicated for 72 hrs. in isopropyl alcohol. For comparison, 

unmodified graphene was also subjected to same procedure. The nanocomposites coatings were 

generated by dissolving the polyvinyl butyral resin in the solution containing exfoliated HBN or 

graphene. The corrosion properties were studied in 3.5 wt.% NaCl viz different electrochemical 

studies such as open circuit potential, electrochemical impedance spectroscopy and 

potentiodynamic. The transmission electron micrography confirmed the exfoliation of HBN. The 

TEM images showed that exfoliated HBN obtained from 5 µm particles has larger lateral 

dimension than the small particles size of HBN.   

The nanocomposites coatings contained graphene at lower concentration showed improved 

corrosion properties for both shorter and longer periods of immersion as indicated by 

electrochemical techniques. With increased concentration of graphene in nano-composites 

coatings, the worsening effect of graphene was observed for longer period of immersion indicated 

that the corrosion process was aided by the graphene. Compared to graphene, the addition of 5 µm 

size of exfoliated HBN to nanocomposite coatings marginally improved the corrosion properties 
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for shorter and longer period of immersion. Moreover, the addition of smaller particle size i.e., 

0.07 µm of exfoliated HBN displayed comparable corrosion properties as exhibited by graphene 

at lower loadings. These results indicate that exfoliated HBN with larger lateral dimension could 

be used as replacement of graphene in polymeric coatings for anti-corrosion purposes.    

For future recommendation, these fillers should be used as additive in epoxy and urethane 

industrial coatings. The surface modification of the EXHBN may also generate nanocomposite 

coatings with improved dispersion of fillers in polymer matrix leading to improved barrier 

properties.  Also, wear resistance and other mechanical properties of these coatings must be 

determined for specific applications. 
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APPENDIX A 

SUPPORTING DATA 

POTENTIODYNAMIC & ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

 

 

Figure A.1: Selected Potentiodynamic curves (polarization curves)  after 73 hours of immersion 

in 3.5 wt. % NaCl for 1 wt.%  concentration of pure PVB, unmodified graphene nanoparticles, 5 

µm and 0.07 µm particle size exfoliated hexagonal boron nitride - PVB nanocomposite coatings. 

 

 

Figure A.2: Nyquist plots after 12 hours of immersion in 3.5 wt. % NaCl for different concentration 

of unmodified graphene- PVB nanocomposite coatings. 
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Figure A.3: Nyquist plots after 12 hours of immersion in 3.5 wt. % NaCl for different concentration 

of 5 µm EXHBN- PVB nanocomposite coatings. 

 

 

Figure A.4: Nyquist plots after 12 hours of immersion in 3.5 wt. % NaCl for different concentration 

of 0.07 µm EXHBN- PVB nanocomposite coatings. 
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